INTRODUCTION
The increasing application of carbon composite materials in aerospace and automotive results in high requirements to production rate and cost efficiency. Different forms of automated layup are used to meet these challenges, utilizing both thermoset and thermoplastic materials. Thermoset prepreg deposition by automated-fiber-placement (AFP) and automated-tape-laying (ATL) is regarded as the key enabler for the cost-effective production of medium and large parts in today's composite aircrafts [1] [2] [3] [4] . On the other hand, thermoplastic part manufacture by means of automated-tape-placement (ATP) has seen a long history of scientific research, as it has a high potential in aerospace and automotive industry, due to the possibility to avoid long and expensive autoclave cycles and the generally favourable properties of thermoplastic composites [2, [5] [6] [7] [8] [9] [10] . Both polymer types have also been used in filament winding for rotational parts [11] [12] [13] [14] . Dry-fiber placement (DFP) finally is regarded as highly interesting for short cycle time applications and its potential for reducing the preforming times and material costs [15] [16] [17] [18] [19] [20] .
While materials and applications are different, heat is used in all of these processes for different reasons, e.g. to adhere the material to a tool or melt the thermoplastic prepreg component. Different heating technologies have been investigated, including hot gas, infrared, contact heaters and different lasers [9] . Radiation based heating in the form of laser and infrared lamps offer advantages such as high heat flux, precise control, as well as quick response, and therefore are regarded as the favoured heat source for several processes [2, 17, [21] [22] [23] . Material properties, such as crystallinity and void content depend essentially on the thermal history of the laminate, thus also affecting mechanical properties of the final part [2, 22, [24] [25] [26] [27] [28] [29] [30] . Therefore, precise knowledge of temperatures is of high interest. Thermal modelling and analysis for radiative heat sources have been thoroughly investigated for specific applications [31] [32] [33] [34] [35] .
Schledjewski [33] presented a simulation tool based around a finite element heat transfer core for layup of thermoplastic prepreg tape, taking into account different heating sources. Schledjewski [9] also compared various heating technologies for their suitability for thermoplastic layup. Although not a peerreviewed paper, Wilson [36] described the use of infrared technologies for various applications in CFRP manufacture. While laser and infrared heating have been mainly employed for different applications due to their individual characteristics, they show several similarities in terms of material interaction and thermal analysis. The authors are not aware of any general review of radiative heating and their modelling in automated layup of unidirectional material. Furthermore, most research in automated layup was dedicated to thermoplastic layup [2] , employing mostly laser heating [37] .
Extensive research has been performed to understand the numerous thermochemical and mechanical phenomena occurring during and due to heated layup of different materials but reviewing of those is beyond the scope of this review. It rather is the goal of the present study to analyse the process parameters associated with radiative heat sources causing and affecting the temperature distribution during the process. First, the relevant processes and materials are identified and the heating strategy is analysed. As the sources are the radiation's origin, they are investigated separately thereafter, highlighting their characteristics, as well as differences between them. The radiation's propagation is studied next. Interaction with the heated materials is analysed for both infrared and laser sources together, as the governing phenomena are the same. Finally, numerical modelling strategies are described and key factors are compared for a number of numerical models presented in the literature. By unifying the analysis of research on both heat sources from the material interaction on, parallels in scientific literature are highlighted.
HEATING IN AUTOMATED LAYUP
Radiative heat sources are used in a variety of automated layup processes with different materials. Therefore, in the first step an overview of the processes and the required heating strategies is presented. Further, the reasons for the usage of the specific heat source are detailed. To provide the required energy input to heat up the material, different heat sources have been utilised in the literature. Due to the constant movement between substrate and fed tape or tow, contactless heating offers advantages, although combinations of contact and contactless, as well as pure contact heaters have been developed [38] [39] [40] . Contactless heat transfer by means of radiation with laser and infrared lamps technology has received significant attention [6, 7, 37, [41] [42] [43] [44] .
Automated tape placement of thermoplastic prepreg requires heat input to melt the thermoplastic polymer and weld it to the underlying layer [9, 27, 45] . In order to achieve this, both incoming material and substrate have to be heated [46, 47] . By compressing the material with a compaction roller in-situ consolidation becomes possible, making an autoclave cycle obsolete [5, 7, 9 , 11]. Schledjewski [21] assessed different heat sources, including lasers, hot gas, infrared and contact, under different criteria like maximum available power, handling complexity and material degradation, finding that modern diode lasers are the best suited heat source in all important criteria for thermoplastic prepreg layup and the sole drawback being the lack of know-how about them. The highly focused heat output of laser makes them the preferred choice when utilizing polymers that require high processing temperatures like polyether ether ketone (PEEK) (>380 °C) or polyphenyle sulfide (PPS) (343 °C) [7, 11, 14, 21] . Hot gas torches have also been employed for this application [27, [48] [49] [50] , but today's laser sources are considered more efficient, provide higher heat flux and better process control [21, 22, 46] . For processing of thermoset prepreg the two widely utilised technologies are ATL and AFP, with the difference mainly being that ATL delivers one wide unidirectional tape onto a substrate, while AFP utilises up to 32 narrow tows [2] . In both cases, heat input is required to increase the tack of the material, fixing the placed tow or tape on the substrate [2] . Therefore, the difference between ATL and AFP is neglected for the scope of this review. As the heated tow becomes soft and tacky, heating the incoming material would cause jams, poor feeds and fouled knifes [43] . Therefore, only the substrate is heated to approximately 35 °C and the material is cooled inside the AFP head [43] . Calawa [43] introduced infrared lamps for this process, while hot gas torches have been used before [51] . Infrared lamps emit their radiation in a cone in front of them, thus distributing their radiation over a wider angle than lasers, irradiating a larger area [43] . This makes them suitable for thermoset prepreg processes, where the required processing temperatures are lower and the irradiance of a larger area is acceptable [37, 43] . Dry fibre placement (DFP) features non impregnated tows of similar dimensions as AFP covered with a thermoplastic binder for stabilisation [23] . This binder, applied as veil or powder, also provides tack when melted or activated by means of heat input, with temperatures ranging from 80 to 180 °C [23, 44] . Dell'Anno [23] reported that both infrared and hot gas have been used as heating technology, but lasers are also investigated for dry fibre placement, where they offer the same advantages as in thermoplastic prepreg layup [17, 23] . In addition, a laser heating does not blow away any fibres, damaging the tow as a gas torch would [52] . A notable difference to other applications is described by Evans [52] : by operating the laser in a pulsed mode, discrete tack points are formed. This is expected to ease and speed up the subsequent infusion process, as the permeability is higher [52] . However, few studies have dealt with heating in dry fibre placement.
The described forms of automated layup are usually performed by a layup head, consisting of material guiding and cutting mechanisms, a compaction unit and a heating system [2] . The layup head is mounted to either a gantry or a robotic arm, providing the movement relative to a tool [2] . Figure 1 demonstrates the general set-up in automated layup with a radiative heat source.
Figure 1: Radiative heating in ATP, AFP, ATL and DFP
Filament winding can be regarded as a special case of tape-placement, featuring a rotating cylindrical mandrel as tooling and a placement unit similar to those in other cases of automated layup. Similar to lathing, relative movement to deposit tape is achieved by rotating the mandrel, while the placement unit and thus the heat source remains stationary or performs only linear movements in parallel to the mandrel's axis of rotation [28, 46] . In filament winding thermoplastic prepreg tapes can be used under the same conditions as previously described [7, 11] , as well as in-situ curing of thermoset prepreg [32] . Therefore it is also considered in this review, reflecting studies and machinery covering both filament winding and automated layup, as classification can be difficult, especially for thermoplastic processing where a compaction roller is always required [11, 28, 31, 53] . In fact, the first applications of laser heating technology were performed with thermoplastic filament winding, where it was selected for its highly focused energy input over infrared radiators [7, 54, 55] . Nonetheless, infrared heating has also been used for this process, as the stationary setup allows for extensive heating stages [13, 56, 57] . Further, Chern [12] used infrared heating for continuous curing in winding of thermoset prepreg.
RADIATIVE HEAT SOURCE
Due to their different radiation patterns and applied processes, it is favourable to investigate laser and infrared heating separately.
Laser
In his comparison of heat sources, Schledjewski [21] reported that the most important factor for a heat source is maximum output power, as it can be the limiting factor in achievable layup speed and thus productivity. First investigations of the topic used an 80 W CO2 laser source, to heat up a single ¼'' CF/PPS or CF/PEEK tape [7, 14, 24, 26, 55, 58] . Nd:YAG laser with an output of 4 kW have also been used for thermoplastic layup [59] . The use of stacked diode lasers was described by Holmes [60] and documented in automated layup of an epoxy prepreg by Haake [61] , featuring a maximum output power of 4 kW. Haake [61] noted that diode lasers outperform traditional CO2 and Nd:YAG lasers in terms of heating efficiency, response time, size and weight. Diode lasers were used in various studies, with powers ranging from 0.2 kW to 3 kW, allowing the processing of multiple or wider tapes [6, 11, 21, 34, 59] . With modern diode laser capable of providing up to 20 kW output, source power is considered no longer a limitation for automated layup [62] . As output power has to be related to other parameters, e.g. layup speed and tape width, Table 1 provides an overview of the settings used in various studies. At the upper limit, Kölzer [11] concluded that processing of 6 mm wide CF/PEEK tapes with up to 1.5 m/s would be possible with a 2100 W laser source system and appropriate optics. Further, a closed loop control system to adjust the laser power to the placement speed was developed, achieving a ± 5% tolerance from the predefined temperature [11] . The short response times of only a few milliseconds make lasers superior in terms of controllability compared to other heat sources [11, 61] .
Source Power in [W]
Another important property of lasers is their wavelength, with CO2 lasers emitting their maximum intensity around 10.6 µm [7, 58] , diode lasers at 780-980 nm and Nd:YAG at 1064 nm [11] . Diode and Nd:YAG lasers are near infrared (NIR) [46, 64] sources whose radiation can be coupled into flexible optical fibre to deliver it to the placement head [11, 61, 64] , which is not the case for CO2 lasers [7] . As CO2 laser source are bulky [11, 46, 61] , it is difficult to place them onto a fibre placement head [11], thus explaining their limitation to filament winding type setups in early studies [7, 14, 26, 55, 58] . The radiation is transferred to the nip point via mirrors [11, 14, 26] and the laser source remains stationary, which is seen as a separation criteria to tape placement by StokesGriffin [46] . Nd:YAG and diode laser in combination with optical fibre cables allow for smaller and lighter heads [61] with the laser source placed in a separate compartment [64] , although due to their compact design, diode lasers could also be placed on the head [11] . The size of a laser source and the used optics is important in tape placement, as it affects the available clearance of the layup head [11] . The influence of the wavelength with regard to absorptive and reflective behaviour is discussed later with the material interactions.
The different laser types also feature different laser spot forms and sizes. To achieve a homogeneous heating, the spot has to cover the placed material's width at the nip point [11] . When placing material on curved paths, an overshoot of the spot is required, but is also suggested for straight paths by about 5-10% of the tape's width or 2 mm [11, 46] . Early studies used CO2 laser sources to generate a round beam that is transformed into a planar beam of 6-13.3 mm wide by 0.5-2 mm high with the aid of ZnSe optics and used 6.35 mm wide tapes [7, 24, 26, 58] . Beyeler [7] concluded that the use of lasers for laying of wider tapes would be highly desirable to increase productivity. Pistor [14] used laser scanning by means of a galvanometer driven mirror to enlarge the heated zone up to 25.4 mm. Kölzer [11] presented a diode laser based system with interchangeable optics to adapt the laser spot to different numbers of tows being placed, featuring 11-40 mm wide by 40 mm high spots at focal length. Another diode laser was used with an optic lens to generate a 12 x 2.08 mm rectangle beam for 12 mm wide tape, which was found to be the optimal parameter compared to beam heights of 0.89, 5.06 and 8.03 mm to achieve high relevant material properties [21] . In a similar test and material setup, a height of 3.8 mm was found to be optimal [65] . A much larger spot of 45 x 16 mm is used to also place a 12 mm wide tape [46, 63] . Based on diode laser technology, Holmes [60] described an adaptable spot. By controlling individual groups of diode stacks, less heat input could be directed towards the outer radius in curved paths and vice versa [60] . Further, Holmes [60] suggested deactivating certain diode groups if the placed tape is less wide than the maximum spot size of the entire laser to avoid overshooting. The spot size of the laser also affects the material's dwell time, which is linked to the layup speed and heated length [58] . The short dwell times due to line spots of CO2 lasers may lead to inadequate consolidation at low laser power or degradation of the polymer matrix at high laser power [58] . The use of a preheater is suggested by Agarwal [55] to reduce the necessary high heating and cooling rates of over 1000 K/sec resulting from small spot sizes. An assessment of consolidation related mechanical properties to placement rate and type of irradiation spot, was presented by Stokes-Griffin [62] , analysing the thermal history of the material. The large heated length of rectangular spots results in greater heat soak, achieving higher mechanical properties even at high placement speeds compared to line spots of CO2 lasers [62] . Besides the spot size, the intensity distribution inside the spot is of interest. Kölzer [11] noted the diode laser's inhomogeneous focal spot to be a disadvantage, that has to be compensated for. Measurements of the laser beam's intensity after focusing with a homogenization unit were provided, showing a homogeneous distribution [11] . Detailed models describing the intensity and the spot dimension depending on the distance to the laser source for one system were provided in [11, 63, 64] .
The size and location of the irradiated area also depend on the laser's orientation. The inclinational or angular offset angle 0 is the angle between the laser's central axis and the tangent vector in the nip point [26] , but often defined towards the laminate as flat laminates are mainly considered in the literature [11, 34] . This angle is an important factor for radiative heating in automated layup, as it affects the thermal modelling, but also the available clearance of the layup head for layup of complex geometries [63] . As the laser source, directly or via fibre optics, is mounted to the head in automated layup, it must be angled from above to provide the clearance in layup on flat surfaces or female tools, resulting in an inclination angle >0° as shown in Figure 2 , on the left [46, 64] and angles from 10° to 30° have been used [11, 31, 34, 63, 65] .
Figure 2: Inclination angle and clearance in ATP (left), 0° inclinational angle in filament winding (right)
In filament winding an angle of 0° is possible, where the radiation source is stationary and can be placed far off the mandrel and compaction roller, as it was shown by Pistor and Rosselli [24, 26] and in Figure 2 , on the right. Both investigated angles of 0-8° for their influence on material properties, finding no clear relation [24, 26] . Further, Pistor [24] moved the laser perpendicular to the central line, but also no significant effect was detected. Grove [31] observed that for an inclinational angle >0°, as in automated layup, a shade is created by the compaction roller and direct radiation cannot reach the nip point, resulting in inhomogeneous incident flux on incoming tape and substrate, which was confirmed in various simulations [11, 31, 34] . This shading effect is often neglected and uniform flux in the nip point region is assumed for simplicity [46] , though for filament winding this can be justified. Further, if the laser is positioned so that its central axis crosses the nip point, the incoming radiation is equally divided between incoming tape and substrate, assuming homogeneous flux, while tilting the laser will affect the energy distribution [11] . Kölzer [11] studied the influence of this laser angle , finding that a change of 1° can affect the temperature of the incoming tape at the nip point by 100 K. On the other hand, Grouve [34] found that a change in the laser angle by 3° can affect the tape temperature by 100 K. Therefore, this angle can also be used to affect the distribution between tape and substrate [6, 11, 65, 66] . The inhomogeneous heat flux in the nip point region due to these angles and the resulting shadow is further affected by the material's optical behaviour, which is discussed later in this paper.
Infrared
Infrared heating lamps or bulbs are available in a variety of sizes and performance classes and heating systems often consist of more than one single heater to achieve the desired requirements in terms of energy output and distribution. The heating system by Werdermann [56] consisted of a preheating stage with one infrared lamp to heat the tape's top side and one for the bottom side as well as a nip point gas heater as main heating. The tape laying head by Zaffiro [41] lined six bulbs along the incoming tape of three inches width and another six along the substrate. A closed loop control by means of a pyrometer is described to adjust the power provided to the heaters [41] . Chern [67] considered continuous curing of the deposited thermoset material on the mandrel which is heated by an infrared bank. Chern [12] developed process windows, consisting of winding speed and power output to achieve a desired degree of cure without degrading material. The infrared nip-point heating by Yousefpour [13] was assisted by tape and mandrel preheating by infrared. Table 2 lists the same heating parameters used in studies utilising infrared lamps as previously presented for lasers. As it can be easily observed from comparing the two tables, the domains are quite different and cannot be related without further considerations. Table 1 Heat up rates and thus response times of infrared lamps depend on the heater material, which also affects the emitted wavelength [36] , but in contrast to lasers, the employed infrared lamps are less well documented in the literature. Chern [12] used quartz lamps and assumed them to have a perfect blackbody emission spectrum, with a maximum intensity around 2 µm [68] . Nelson [69] described the use of graphite elements in a quartz tube, preferring their wavelength over halogen emitters radiating at shorter lengths. James [57] assumed 8-12 µm wavelengths for his calculations. Wilson [36] classified quartz heaters as long range emitters with medium reaction times. Short range emitters consisting of tungsten filaments offer quick reaction times [36] .
Source Power in [kW]
Nonetheless, Calawa [43] took into consideration, that overheating of material could occur during an emergency stop of the layup head, as the heater's power emission requires about 1 s to drop to 10% of the maximum value after the power has been cut. As a counter mechanism, either a mechanical shutter, shielding the material from the heater or a system providing an air blast were proposed and the latter was chosen [43] . Similarly, Oldani [70] expected the heater to require up to 2 s to reach ambient temperature after being disabled. Even though the heater quickly cools down, adjacent components of the assembly head may not cool as quickly thus continue to heat the placed material, possibly leading to undesired high temperatures [70] . Therefore, a cooling device, blowing ambient or cooled air onto the placed material was proposed [70] . The problem of unintended heating of tape laying equipment due to reflections has to be considered and can be accounted for by an additional heat shield and a low flow air purge [43] .
As for laser sources, in stationary application infrared lamp bank size is not an important factor, thus extensive heater banks have been used to provide high heat output [12, 56] . For applications in layup heads on the other hand packaging considerations are a crucial factor [43] . The heating device described by Zaffiro [41] featured a triangular shape to heat incoming tape and substrate with minimum distance, but offered little clearance. Calawa [43] described the geometrical constraints, consisting of a clearance angle and a size limitation. The resulting envelope extends forward and upwards from the compaction roller and must hold the entire system, including the previously described shielding and cooling ( Figure 3 ) [43] . Infrared heaters have a less focused energy emission compared to lasers [7] , which also affects the total efficiency consideration. While lasers have little beam divergence, infrared heaters emit their radiation in all directions [43] and reflectors are used to focus the radiation to the target material [36] . Nonetheless, the radiation is spread in a wide angle as a ray tracing simulation by Calawa [43] showed and thus irradiance is much lower than for a laser at a given source power. This enables the heating of a greater surface instead of a single spot, as it is required for thermoset layup where the substrate ahead of the layup head is required to be heated. In thermoplastic layup on the other hand Zaffiro [41] compensated for the lower irradiance, by spreading the infrared heaters along the path of incoming tape and substrate, leading to a much larger irradiated surface than laser spot sizes. Yousefpour [13, 71] used infrared heaters in a preheating stage, for the mandrel/substrate and at the nip point, also spreading energy over a larger surface. Similarly, for continuous curing of thermosets in filament winding Chern [12] irradiated a significant proportion of the mandrel. Beyeler [7] noted though, that this may lead to heating areas of material that need not to be heated, making it potentially inefficient from an energy point of view.
Calawa [43] performed a ray-tracing simulation for a single IR tube lamp of 200 mm length with a reflector at 75 mm from a flat target plane. The resulting irradiance was inhomogeneous, consisting of a hot spot in the center and decreased in intensity towards the edges by 50% [43] . This is highly undesired as it leads to uneven heating of material and potential burning [43] . Lichtinger [35] noted that most existing models including radiative heating apply the heat input constantly over a certain area. When considering infrared lamps as quasi Lambert-radiator, their specific radiation distribution causes a non-constant irradiation distribution [35] . Therefore, several authors have used the geometric view factor 12 to calculate the irradiance of the relevant surfaces [35, 37, 67, 68] . It is defined as the fraction of the radiation leaving a surface 1 , such as an infrared lamp bank, striking a surface 2 , such as a substrate, directly to the total emitted radiation by surface 1 and the general form is [72] :
with the distance =� 1 2 ����������⃗ � between them, and the angles between the normals of the surfaces and the vector connecting them. Obviously, the amount of radiation striking the substrate directly is highly sensitive to the orientation toward each other and the distance [37] . Therefore, Hörmann [37] studied the influence of the orientation and position of the infrared lamp in an automated layup setup on the view factor. The resulting view factor over the position ahead of the nip point is shown in Figure 4 for different cases in a two dimensional scenario. The calculated view factor was used to determine the irradiance depending on the position in a numerical model [37] .
Figure 4: Comparison of view factor for different orientations and positions of the infrared lamp over positions ahead of the nip point; Source: [37]
Lichtinger [35] assumed a point source for their calculations, as the infrared lamp's dimensions are small compared to the tool. When considering a three dimensional model, the view factor can also be used to calculate the amount of energy that is incident on adjacent placement paths [35, 73] . Lichtinger [73] calculated that in a typical automated layup setup only 15.55 % of the emitted radiation power is absorbed in the currently placed path, 61.44 % in adjacent paths and 23.01 % is lost to the ambient. It must be noted that shadowing effects, e.g. due to the compaction roller must be taken into account separately [35] . Chern [12] reported on an efficiency reduction of 13 % due to reduced view factor by auxiliary process equipment. Further, Oldani [70] presented means to guide the infrared radiation by using a reflecting plate in order to create a defined profile of irradiation. This heat profile is also used to partially heat the incoming tapes [70] .
To calculate the power input ̇ in the material due to infrared radiation, Lichtinger [35] used:
with being the material's emissivity (see next section), the lamp bank efficiency to convert electrical power into radiation, and the electrical power consumption of the heat source. The efficiency factor has been considered in different ways. Lichtinger and Hörmann [35, 37] took into account the conversion from electrical energy input to radiation output with a factor of 90%. Chern [67] estimated the overall lamp bank efficiency to be 63%, but included reflector efficiency and blockage. Chern [12] reported that the overall lamp bank efficiency is not known and may vary, so the use of an efficiency factor that can be used as an adjustable parameter is considered.
OPTICAL MATERIAL INTERACTIONS
While applications for infrared and laser technologies are different, optical material interactions can be studied together as the governing phenomena for radiation heating are the same and dominant wavelengths even overlap in some cases. The oblique angel at which radiation strikes the wedge shaped cavity formed by substrate and compaction roller is expected to cause significant levels of reflection [64] . Transmittance (T), reflection (R), and absorption (A) of a body are linked via conservation of energy [64] :
[7, 25, 31, 55] assumed total absorption, thus idealising the surface to a black body, or partial absorption combined with reflection for CF/PEEK at 10.6 µm, but did not consider transmittance. Kölzer [11] measured the absorption and reflection for CF/PEEK and CF/PA12 between 800-1000 nm, as well as 8-14 µm, finding no transmittance for a 0.125 mm thick specimen and very similar behaviour for both prepregs. Stokes-Griffin [64] found that transmittance for CF/PEEK is below 0,1% at wavelengths between 500-2000 nm, thus allowing:
Because PEEK is considered transparent for 500-2000 nm [64] , it can be concluded that the optical behaviour at both wavelength domains is dominated by the highly absorbing carbon fibres [11, 61, 64, 74] , as PEEK is highly absorbent at 10.6 µm [25] .
The optical properties of carbon fibre reinforced epoxy composites were studied in detail by Chern [12] and in particular the question of whether radiative thermal transport is a surface or volumetric phenomenon was raised. Over a wavelength of 1-5 µm the transmittance was found to be zero through a layer of composite, independent of incident angles, composite orientations and degrees of cure [12] . Further, extinction and scattering coefficients were determined to calculate the optical depth, which was found to be orders of magnitude smaller than ply thickness [12] . Thus, radiative thermal transport can be considered a surface phenomenon also for carbon/epoxy composites [12] .
As absorbance cannot be measured directly, reflectance measurements considering various influences have been performed for both thermoset and thermoplastic prepregs. Assuming similar trends in this specific behaviour of PEEK and PET, Agarwal [55] calculated the reflectivity of PET over the angle of incidence by means of the Fresnel equation for a wavelength of 10.6 µm to receive qualitative information about the behaviour of PEEK. Similarly, Grouve [75] used a refractive index of = 1.5, corresponding to most thermoplastics at room temperature, to calculate the same relation. As the laser light is considered non polarized, the refractive index was assumed to be the average of the p-and s-polarized value [55, 75] . Measurements performed for CF/PEEK tape at different wavelengths from 500-2000 nm, indicated an increase in reflectance at lower angles of incidence for higher wavelengths ( Figure 5 ) [64] , corresponding with the estimation by Agarwal [55] . Grove [31] on the other hand found that reflectance does not vary consistently with the angle of incidence, but rather along the length of the tape with values ranging between 14% and 42% over 10 mm. Agarwal [55] pointed out that surface roughness is likely to affect the reflective behaviour and is difficult to account for, as it results in a more diffuse reflection. Stokes-Griffin [64] observed from microscopy images that the matrix surface of CF/PEEK prepreg tapes undulates mainly in its transverse direction. For CF/Epoxy the reflectance was measured by means of a spectrometer with an integrating sphere for wavelengths between 1-5 µm at different angles of composite orientation and incident light, as well as degrees of cure of 0% and 100% [12] . Reflectance increased with the wavelength from about 10% to 25%, while the other factors were found to have small influence [12] . However, the incident angle was only varied from 0°-20°, while other studies found significant increase in reflectance at higher angles. Also, the radiative properties of CF/Epoxy were assumed to be independent of temperature in a range of 300-670 K, based on literature findings for CF/PEEK [12] . Kölzer [11] assumed that for an opaque body in thermal equilibrium, its absorbance is equal to its emissivity. Therefore, the emissivity of CF/PEEK and CF/PPS were measured at different temperatures, resulting in an assumed linear relation, with decreasing emissivity at increasing temperatures and thus increasing reflectance at higher temperatures [11] . Further, the influence of the incident angle was considered at different azimuth angles for the fibre orientation, finding that the emissivity shows the behaviour of a non-conducting material and no influence of the material orientation [11] .
On the other hand measurements of the reflectance for CF/PPS, found that when heated above glass transition temperature the reflectance increases from 0.16 to 0.18, remains constant until the melting temperature where it starts to increase further [34] . Investigations of the optical properties depending on the azimuth angle using a laser pointer, highlighted highly anisotropic scattering behaviour, caused by specular reflections from the carbon fibres [34] . The reflection patterns of woven fabric reinforced PPS were found to be inhomogeneous, depending on the laser pointer's positioning on fibre or resin rich areas [34] . Stokes-Griffing [64] estimated from literature and own calculations that the reflectance varies only to a minor extent over temperatures 25°-600 °C and assumed it to be constant. The scattering related to the azimuth angle was also observed in a very similar pattern [64] . Based on these findings, an optical model on a macroscopic level was proposed for CF/PEEK, featuring a micro half cylinder surface and showing good agreement with experimental measurements [64] . The authors concluded, that the optical behaviour of the investigated CF/PEEK tape is dominated by the carbon fibres in terms of absorbance and reflectance [64] .
The knowledge of the optical properties and geometrical conditions can be used to predict the intensity distribution and heat flux, which is ultimately required for a thermal analysis. Detailed studies have been performed for laser assisted thermoplastic placement. Simplified two dimensional ray tracing simulations have been presented in [31, 34, 55] . The discrepancy observed by Agarwal [55] is attributed to the different diameters of compaction roller and mandrel, thus more radiation is reflected onto the compaction roller than vice versa [55] . This combination leads to higher temperature on the tape surface [55] . In layup of parts with varying curvature, varying process temperatures have to be expected [55] . Grove [31] calculated the laser heat flux distribution in automated layup for an inclination angle of 15°, thus with a shadow resulting. The intensity distribution took reflections into account with an assumed reflectance of = 0.28, independent of the incidence angle and is shown in Figure 6 (left) [31] . The same relation was investigated by Grouve [75] at an inclination angle of 22°, showing high qualitative agreement with Grove [31] . In a ray tracing simulation Grouve [34] varied the laser angle , affecting the distribution between incoming tape and substrate, with higher angles resulting in higher flux on the substrate (Figure 6 , right). [31] Right: Substrate incident heat flux for varying laser angle ; Source: [34] The abscissae in Figure 6 differ by almost an order of magnitude due to different laser type spot size. The presence of the shadowed area can be observed in Figure 6 with no incident flux close to the nip point [31, 34] . StokesGriffin [46] noted, that this effect is often neglected and a uniform distribution is assumed, e.g. in [25, 28, 76] . Stokes-Griffin [63] used a three dimensional raytracing simulation to investigate the irradiance of substrate and tape, taking into account the anisotropic scattering. Separate simulation of substrate and tape reflections onto each other produced a conical pattern of reflected beams [63] . Three dimensional irradiation maps were also calculated [63] , showing good qualitative agreement with other studies [31, 34] in movement direction including the effect of the shadow. Assuming a specular reflection instead of scattering was found to lead to an overestimation of irradiance [63] . The influence of substrate fibre orientation on the other hand was found to be small [63] .
Most studies for infrared heating have assumed a constant emissivity or absorption of the material, independent of wavelength and incident angle. Heat flux then is only affected by the view factor. For thermoplastic material 0.8 was assumed [57] . Thermoset materials have been estimated to have an emissivity of 0.8 [43] , 0.9 [35, 73] and 0.95 [37] . In contrast to laser heating, radiative energy is distributed over a wider spectrum of wavelengths and due to the different radiation pattern, the incident angles varies even for a plane surface.
NUMERICAL THERMAL ANALYSIS
Numerical thermal analysis has received continued attention [25, 28, 31, 34, 63] , as prediction of temperatures at the nip point is of great interest for process understanding. Table 3 gives an overview of existing numerical models presented in the literature. In all cases thermal modelling is based on the general heat conduction equation [72] :
where is the thermal conductivity tensor, the temperature, ̇ the source term for volumetric heating, the material's density and its specific heat capacity [72] . The source term ̇ accounts for heat generated or absorbed due to chemical reactions in the matrix [25, 28, 55, 77] . In case of a thermoplastic matrix heat is released or absorbed due to solidification (crystallization) and melting respectively, but becomes zero for amorphous materials [25, 46, 50, 55, 77, 78] . It is sometimes neglected, as it is insignificant to the heat input from the laser source, especially at high placement speeds [46, 48] . However, when considering thermoset materials the source term ̇ accounts for chemical heat release due to exothermic reaction and cannot be neglected if curing does occur [67, 77] . Many models have reduced the three dimensional problem to a two dimensional domain for simplifying the calculation, as they expect edge effects to be insignificant and irradiation to be uniform across the width of the material [11, 12, 25, 28, 31, 46, 79] . These assumptions have been questioned and are considered as origin of deviations between model and reality [34, 63] . Further, several studies have considered the ratio of convective heat transport to diffusive transport, expressed by the dimensionless Péclet number [31, 34, 80, 81] . The authors concluded that as the number is greater than unity in the direction of movement, the problem is dominated by convection and thus reduced the diffusive term to one dimension while still considering a two dimensional spatial domain [34, 80, 81] , which is expressed in Table 3 as one dimensional models.
For the implementation of the problem in a coordinate system, two different approaches have been used to account for the movement of the head and the tape [82, 83] . In the Eulerian approach a coordinate system fixed to the moving head is introduced and a steady state temperature distribution assumed after the transient start [82] . To account for heat transfer due to head movement, material is convected with a velocity opposite to the movement speed of the layup head through the fixed coordinate system [31] . This requires the introduction of boundary conditions for the incoming and leaving tape, which have to be defined far enough from the heated region [25, 54] . The Lagrangian approach on the other hand is used to describe the temperature as a function of time, thus requiring the transient heat conduction to be solved for a coordinate system fixed to the mould [77, 82, 83] . Both approaches have been investigated, with the majority of research performed with the Eulerian description, although its assumptions, steady state and fulfilment of boundary conditions, have been questioned [53, 82, 84] . In contrast to the Eulerian approach, this requires constant adjustment of the boundary conditions [84] . [54, 77] . A model consisting of three domains was proposed by Sonmez [28] , omitting the laminate after the compaction roller. The model by Stokes-Griffin [46, 63] also took into account the heat transfer due to the rotating compaction roller, resulting in additional domains for applying boundary conditions shown in Figure 7 . [63] Some conditions depend on the chosen approach. In the Eulerian approach, boundary conditions for the incoming tape and substrate are applied, having ambient temperature, while outgoing elements have a gradient of zero [25, 28, 46] . As several studies suggested preheating of incoming tape, this can be easily achieved by defining appropriate incoming temperatures [28, 55] . For the Lagrangian approach the initial conditions define temperatures in the incoming areas to be ambient, whereas initial temperatures upon entering a new domain depend on the thermal history from passing through the previous domain [34] .
Source
All other boundary conditions are generally summarized by Grouve [34] for the Lagrangian model as follows:
with as the heat flux, ℎ effective convective heat transfer coefficient, ∞ the ambient temperature, the Boltzmann constant and ( ) the incident heat flux due to laser radiation. The heat input due to the laser is treated analogous for infrared radiation, taking into account the previously described considerations.
The same boundary conditions apply for the Eulerian approach, except that they are considered constant and do not move with their respective elements [28, 46, 63] . For the boundary to the tooling, a fixed temperature is usually assumed [34, 63] .
The application of the heat flux due to irradiation is of high interest for this review and therefore further described, while convective and radiative terms are neglected. Typically, heat flux of laser is prescribed onto the incoming tape and substrate, surfaces 6 and 7 respectively in Figure 7 , or portions thereof.
Beyeler [25] applied uniform laser heat flux for elements up to the nip point, while Grove [31] took into account the resulting distribution from incident angle and resulting reflections, as well as the shadow cast by the compaction roller due to the inclination angle. Agarwal [55] varied the energy distribution ratio of tape to substrate. In case of instantly laid down material, a flat surface is exposed to incident radiation over a given width, that was both varied [54] and assumed constant [77] . Constant heat flux was also assumed, but investigated for different heated lengths [28] . Kölzer [11] applied an intensity distribution depending on the distance to the used optics, considering the shadow effect. Grouve [34] used the spatial incident heat flux distribution determined by the optical model as input for the thermal model, noting that thermal simulation is the only way to validate the results of the optical model. Laser beam slides were used to obtain the laser beam power depending on the distance from the optics, which were then applied to an area also depending on that distance [65] . James [57] described a setup were infrared radiation was applied either to the incoming tape and the substrate or only to the substrate, depending on the position of the lamp. Similarly, Chern [67] assumed the radiation to be incident along a larger area of the mandrel for the continuous curing. As it is required in thermoset layup, Hörmann [37] applied radiative heat input only for the substrate ahead of the compaction roller, considering different parameters affecting the irradiated area.
When all boundary conditions have been defined, the problem can be discretized and solved, where both finite element [11, 27, 28, 31, 46, 63, 65, 77, 83] and finite differences [25, 34, 55, 57, 80, 81, 86 ] methods have been used. As these techniques are not specific to radiative heating, they are not part of this review.
SUMMARY
Radiative heating plays an important role in different automated layup processes. Infrared lamps and laser heat sources are well established to unique niches due to their characteristics. As their radiation patterns are different, their propagation is modelled significantly different. The optical behaviour of the material is dominated by the highly absorbing carbon fibres and the radiation's incident angle, while the matrix has little influence. Due to the similar wavelengths of modern diode lasers and the preferred fast reacting infrared lamps, the optical interactions with the material are similar. Thermal analysis of heat transfer by means of radiation is heavily affected by geometrical conditions of the layup process. Based on this information several numerical models for precise prediction of material temperatures have been developed and validated.
A discrepancy can be observed in the scientific coverage of heat sources and layup processes, as well as their application in industrial environment. While laser heating for thermoplastic prepreg in filament winding and tape placement has been studied for 30 years, little attention has been paid to thermoset layup by means of infrared heating. This is particularly interesting, as the first is still considered to be in the development phase and the latter is heavily employed in the aerospace industry. On the one hand, the very limited amount of research on thermoset layup does not reflect the current state of the art in industry in terms of power output and layup speed. The development of new heating sources, such as special adaptations of infrared lamps [87] , vertical cavity surface emitting lasers (VCSEL) [88] and xenon flash light based technologies [89, 90] on the other hand indicates that the need for new solutions exists. A need for further research can therefore be identified in the area of industrial application of infrared heating in thermoset layup. Also, modelling approaches for dry fibre placement in both research and industrial setup are of high interest for both existing heating solutions, as well as the previously mentioned new radiation heat sources.
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